terpulsation has been studied in animals (2, 4, 8, 10, 24, 25) and has been used in patients with cardiogenic shock (12, 23). In animals, survival time after the production of cardiogenic shock and hemodynamic changes produced with counterpulsation have been extensively investigated (4, 6, 7, 24) . However, some of the physiological changes produced by this type of circulatory assist device have not been completely evaluated. The effect of arterial counterpulsation on coronary blood flow and the tension-time index (TTI) has been reported by several investigators (11, 13, 20 It is controlled by synchronization with the electrocardiogram.
The actuator and hydraulic supply module generate a nd physically direct hydra ulic power through a fluid-filled tu .be to the pressure -pulse generator upon commands from the electronic controller. Its connections to the arterial tree are made through catheters inserted into the femoral arteries. During systole, a quantity of blood is withdrawn from the arterial tree and during diastole it is returned. This tends to decrease the aortic pressure during ventricular systole and increase it during diastole, thereby augmenting coronary perfusion pressure.
In this study, ZO-ml pump volumes were used during arterial counterpulsation.
The pump output was checked by an electromagnetic flowmeter connected to the tubing into which the catheters used in the animals were inserted. The pump was found to range between 22.8-and 23.5-ml stroke output when set at 20 ml with the no. 18 French catheters at the pumping rates used, 120-170/min. Left ventricular volumes were analyzed by a method previously described from this laboratory (14, 15). Briefly, six lead beads were placed close to the endocardium of the left ventricle so as to dcfinc the three axes of a nonprolate ellipsoidal shell of ventricular muscle. The base bead was sutured at the level of the aortic valve and the apex bead was sutured to the apical dimple. These two beads formed the long axis of the ellipsoid.
Four beads were implanted through a needle equidistant around the left ventricular midplane in order to forrn the two minor axes of the ellipsoid. These three axes defined an ellipsoidal figure which was filmed at 60 frames/set with biplane (90") cinefluorography. Left ventricular ellipsoidal cavity volume was calculated from the equation: LVV = 4/3rabc, where a, b, and c represent the three calculated axes divided by 2. The volume calculated includes the papillary muscles and trabeculae carneae and does not represent the absolute left ventricular blood volume.
However, the changes in volume of the ellipsoid represent a change in the volume of blood contained in the ventricle.
The accuracy of this method has been reported previously (14) . Systolic volumes were taken as the smallest volumes in the composite cycle. These were matched with their corresponding left ventricular pressures and were almost always simultaneous with the dicrotic notch in the aortic pressure tracing, -both with and without arterial counterpulsation. The volume measurements from the control studies were compared with 20-ml SIMAS arterial counterpulsation. The paired studies were taken within 5 min of each other at the same heart rates and at constant mean aortic pressures.
RESULTS
The effects of arterial counterpulsation on left ventricular volume and pressure were determined in 15 studies on 9 dogs. In all studies the stroke output of the SIMAS unit was set at 20 ml. Typical pressure tracings during the control study are shown in Fig. IA and during arterial counterpulsation in Fig. 1B . The diastolic pressure wave from the pump was timed to begin at the dicrotic notch of the aortic pressure pulse. This gives the maximal allowable time for diastolic augmentation and allows the positive wave to dissipate before the beginning of ventricular ejection, thereby having little effect on aortic pressure at the time of aortic valve opening. In this study (Fig. 1, A and B ) the maximal rate of left ventricular pressure rise (max dp/dt) fell 30 % during counterpulsation without a significant change in aortic diastolic pressure or left ventricular end-diastolic pressure. The maximal rate of rise of left ventricular pressure fell an average of 16 % during counterpulsation in 11 studies on 6 dogs.
The pressure findings in the 15 studies are given in Table 1  and illustrated in Fig. 2 . The mean aortic pressures were almost identical, 104 =t 10 mm Hg control as compared with 103 rt 9 mm Hg during counterpulsation.
The left ventricular end-diastolic pressures were the same, 13 cm HzO. The peak left ventricular pressure averaged 119 & 13 mm Hg in the controls and 103 zt 13 mm Hg in the pump study. This represents an average fall of peak systolic pressure of 16 mm Hg or a 14 % decline. During arterial counterpulsation peak systolic pressure and mean aortic pressure were the same. Ejection times taken from aortic valve opening to the dicrotic notch in the aortic pressure tracings were identical, 0.17 set, representing no change in the duration of ejection with counterpulsation.
The ventricular volume studies are also given in Table 1  and illustrated in Fig. 3 . End-diastolic volumes averaged 62 =t 16 ml control and 60 =t 14 ml during counterpulsation. End-systolic volumes averaged 45 =t 13 ml control and 44 =t 12 ml pump. These values are not significantly different. The difference between the systolic and diastolic volumes, or stroke volume, was 17 rfi 12 ml control and 16 zt 9 ml pump. The ejection fraction, SV/EDV, was .26 in both studies.
Pressure-volume loops were constructed for both the control and pump studies. A typical pair of loops is shown in (2, 4, 8, 10, 24, 25) and a decrease in duration of ejection resulting in a decrease in tension-time index (11, 13, 20) . Also arterial counterpulsation has been shown to reduce myocardial oxygen consumption in normotensive dogs (11, 13, ZO), but this has not always correlated with the observed pressure changes (13, 20). However, in the present study it was found that from the same left ventricular end-diastolic volume and pressure there was a decrease in stroke work and a decrease in the maximal rate of left ventricular pressure rise without a significant change in aortic diastolic pressure. This demonstrates a decrease in contractility of the left ventricle during counterpulsation.
This conclusion is further reinforced by the fact that with the decrease in systolic pressure during ejection (afterload) there was no change in the ejection fraction.
Two nossible mechanisms mav be postulated to explain pulsation. In the present study the pressure work and the contractile Hospital, Capetown, s* A* state of the left ventricle were both decreased during coun-
